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[^Wff*©«EB] 

IS±t2i« (Dh D2) ©$S££ 

0<Dl<^/4 ni>Ol/4 n<D2<l/2n 

[!t*>£2] ±SEfcTy hOjSISD 1 tttNCD 22V 
l/8n<Dl<l/4n £>o l/4n<D2<31/ 
8 n 

1 HEtg©^^;*;?,, 

[ft** 3] ft?* >r**©R*t3te*l;:S f 
E*Ht«©W£#«fc. 

i-5 » 3 fcEtt©3teEfttira©W£*ifc. 

v 5 ^ >- > -f y i/^. 7°/Wf ^©®I4HS# 3 fit©ti1£ 
5 , HI*J£ 3 fcE*©3fcE»flMS© 
[lt*3S6] 3tx-f ;*^±©t 0 s/ 

0ffeo*JWB[SriB*.fe*«r*-t-2»oflS 2 © 2 {ttfcff * 
fcfclfeU ^tLf,^2cD2{iI^fB-§-© : &m5riE^©m-§- 

fc ucJn** u *©an**©ife*fcS#«*«:S£i- 

ft, 

>- v? ^ >- is \ fv-f y v- a. ttVMb -§- 3EA *b*f ft©®* 
^Bf£©«lMt«:itt*.;/!:*«:*i- 2*1©^? 2 © 2 »b« 

*»cg*u ir i © 2 m\M%<om^\z.^xw, 2 © 
2{t<b«^-^mayuTW#?rw^-rs, si**3 7isai 

#31 5 fcE*©ftEW!MI©IS£#ifc. 

$g©?f3i2f?£o 

s> h> t » e> f# *b ?> ^ v ^ v v -y /v- -y* y •> 7* /Ha * £r 
[!I#S10] -f ;* * ±© fcT y 



(2) 

2 

t?0fS©*l|SttSri8*.fc*S:^i- 2 #I©Jg 2©2 «t(i 

-t-5>ft*JS9 7!)lEIS*JSl 1 fclBtfOJte^-f 
[gft*£ 1 3 ] ftx-f * ^ ©K*f)t*t-S< fg^-*^ 
10 2ffi^m#^^mi-?>i:*tC. \fy hd»b4§b*bS 

io tt"CMSoS*Pfll[S:a*.fc*Sr^-t-2ia©!B2ro2 4Wk: 
Ml^J!lL > Sl©24t-fk«*©aE^t»V''-rJB2 
© 2ffl'flim^-5r«.Ziy LTtW$gSrS^-r5!t*^ 9 75Mlt 
1 1 ^E*©*^ -f ^ ^ iSSo 
[R«914] t»*JSl 75Mif*«2{'lEtt©3tX'f 
^ ^ Srffl v ^ 5 it 9 ^^tf *JS 1 3 \z.WM.n^t=f ■< x 

^li&B©> otcj; 0E»S;hJtSWfc$:*r 

[it*^ i6] wEftjnttr«^f5**fctt*aam*j!e 

»«©»i^SrMK-*-58»*qil 5fcE*©3fr5*-f 

[« 1 8 ] HrEftJP*«*W**fcr±«imtH5lE4 
30 txB*, -t©B*r»fcftfc5V^r±ttjfc«fc**-t-5» 

So 

[§t*«i9] WEMJnflMR^w^^fctttftmm** 

©3tf*-f ^^KH. 

v^«r, mrE3t7 , >f ^^^jy-UtflMSroEftabSi^iiH* 

[ft 2 2 ] BfjfEfi-Antfr^te^j^ ^c^tf 

?! 1 5 (CE«©^X -Y ^ ^ S*o 
[|f*3S2 3] ME^PtW** 5 ^mfe?.^»iS^fctS5te 

1 5 C|ESO*f -f ^ ^ St, 
[»*3S2 4] WEty h#m^©TS$«tt)gii^t^ 

so mbfc^, ^u^y bt>mmummn^i-x^^h(o 
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lit 2 5 ] mmttmmm* w-r * f y h ©«c> » 

4ft ft Lfct>© ti" 3W*iIl 5 75^2 4lc!E<ficD3ifr7V 

[tt*«2 6] fufa±iw$s©w££m\ miSjEfit 

[8***2 7] MK±tt«©«££itufStV H-RBJt 

#m-t-5lt*3ll 5Jfc5Wi8f*iS2 6 l£fE«S©3fc7*>f ■ 

2 8 ] tWafd-JnflMS©?? ^Sr^tWfBflkOlWfc 
T?tT?i:*t^ |trlE±*#©lE»©¥#iR)lll£lir3*: 
SrWRfcUfc, 11*915, 8***2 1, fc3iM±f»* 

922 fcfasg©^^ * * ^e 0 

[8***2 9] iflffi5tfyKO*i-*S-Ifc5 

fc, WIS tTy h ©IBS D, ^JPflMRSrE»Lfc«B{a 

111*53 01 fWBtt»«#r±lRl»l«-§\ 7K^* 
«U x*7^/V^^©$N&f^ WlEfll*^ 
L < |± r tbic^gi- 3 ft tE±** © W£ fc&Bfc If #-<? 
5W** 2 9 fctEffe©*^ -f * 

[i*93i] iKnEttiq«*tt*7*, PHtu 

312 9fciE&©3fc7^ 

[fit** 3 2 ] WIEfrM«Ht*S:*i-5WaBbf y 
J^!£©H?SJ:9 8KJ£j3t$:h/t^5* St** 2 9 

i»#a3 3] fluia^7JPWIR5r*i-SSfJfSt , 'y H© 
»*S0fje«£iUii: L-fcfii**2 9 75S»**3 2 fcE« 

[ft** 3 4 ] tnriBft*p««5fts^ * 9 ^y^m^t 

<DMt&m%L.< lirHtStStct'fcot, -©ft® 
***fca£3E**VCV»5, ft** 2 9CBtOJfc7*-f * 

[8**013 5] *&ta(«ttPttf*©ia«©¥4fcSr» wie^ 

+Wf8©lEia©^tet|f3»$^5*£#®i: Lfcl1i**2 
9 75S5*** 3 1 IcfEfe©*^ A * 2 . 

[«8H©8¥*llfcltt3U] 

[000 1] 



(3) 

4 

tt— astc fcfe^Dftiaia^sr^r-rafy htiot 

©-efooT, J^AffrWfcttfcTy h©R£fct*#«r-3r£ 
if fc #7* -r * * & * © f5£#ifc £ >f * * S« BB 

1-5. 

[0 0 0 2] 

io [£§5fe©l£ftf] t£*©#7V**f*2{ii©7 f -^£t: , 'y 
h©ff«C;ftj£;£-tt5 2fitfB®!-efe5o tV**©^ 

fc % -ttuSrBc^Si5fc*©u-1f— fc*— i>.*#y hfc'h 
$< LT^< rt*stfi5*VTy>5o -n&W-, lo© 

[0 0 0 3] 09*. tf» #MBS 58 — 215735 *45^R 
fctt. t°y b©»*S:*«c«Wfcia!SbTS*t*l:Sr# 

20 ft-r-f *fCV*5!is, -©^fe-en, Kttft 

*w</u©Jfi|j&&sj«U< , n*£f?—9\^ , 5—&&<i£ 
«fcl^5raJH* 5 .feS. :W-»L, fl*Hsp5-2 0 5 2 

[0 0 0 4] mffis CD, DVDKlf^*$tu5, 

*>e»i»U*Dai£!itry HWtSr £T?flMI£IE»L;fc. 

itcfy hWtSi, -CIS* Sr 

30 

[0005] 01 liriH^x, H^UJtevtf y^r y^" 

frh%*f4 ^^itCfiStt^n^tf— A 1 1 0 liSfy 
hi 3 HC^L»*-?>t, h^iS*©^ • 01ft 

91,#itcj;!5 x RWJfc*ttHl 1 (a) © J: 5 fcSE-ffcS:* 
DS. r.©Stt3tS:7d- H5*-f^^^±fcil*U ®^ 
UTBiOttJU, gffje©y 7r ^^WEEtitRL 

■C2Wbi"*ttfS^.'f f — * (b) «t#5. i*ifc*V^ 

b°y m 3 i©^rj»iatJ«-t©ftSSr«aii-5*-e, 
40 £ftfc3te?*-r;**©*«©«£]St«"e*>3. 

[0 0 0 6] CDi:DVDti^r©^*^^:#<^f < c5 

(i^UVX©NAf40. 4*tT^. ^f-fefili7 8 
0nmi^8 3 0 nmiST'fe5©l:5ffU DVDT?H 
NAfiO. 6, l/-f-Oifefttt6 5 0nmi5fflV^ 
jx> 3te^©5tv^T?^pS3ttr-A©*:#Stfc3S36s* 

So 

so [ooo7] t z.^x-ytv'j *?^3&&.£*iz>mm±s 
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[0 0 0 8] Lttt. !Hfe> XttZtf 

■bH5 0 5S¥. ^^Wif$B^^iEt;= t°- 

[0 0 0 9] ;i<Dj;5&ttAn1*$B<^#&tdJ;!9, 
* * nW&Miz. Lfc 5> f*JPttf«<0«-&tt*M ;t *ft ft »=. & 

[0 0 10] 3fc7*-f *;>CDffil2flfc&g£:;*c# 20 

<-T5t-tt, CDi:DVD©§S^S:fSi91L;fc±fE©31 
ifciO. J: try hSrW*«»c»j*i-5t* 

[0 0 1 1 ] rfrUcStU ^i^fi^H 1 ?! 1-6 6 6 0 
©StSfflfy HP 0 t LTfBSH-Si:*^ **u&sjft 

[0 0 12] tLtroMilCtfy h<Dlt$& (±fif 
40 2 tC|E«co C 9 fflft^ y KH 0 *» 

[Mm] @sw^t'-A^^tt-rs*-ef?^-t-^i:-i-5 

[0 0 13] 

2 0 5 2 7 6-S§-4^g-CM*£;ft7t*&-ete, KttftlSr 

t'-At h^y^^-L-ro'Ktia-r^^ri-^il^fcSo 
[0 0 14] h9y*v^#JW^3£ 

5ffiljH*t*)5. so 



5 

[0015] ^HT 11-66607 tcBS^^H 

*&ffl<±. fWPttfttSrS^-ra^ifeOJt'vy K (fy 
t°y f>£ Lt«t5»(C^5WX\ IEftffi*5W-*n* 

[0 0 16] #38?Sf±, «5W«*»*-t-5fcftK:j!t$ 

tt3t\*y9T y 7" © £« =■ :* h ^Jgflt+ifefc ¥ <D 

[0 0 17] 

[0018] bp*>, *i ©*at'»S3tf*-f ^^-ett* 
«-hfc2«« (di, D2) ©asssrtofcry 

S«<DSfff*$rnt L7^i#. 0<D1< l/4ni>o 
i/4n<D2<i/2 nSr^fc-TJ: 5l-1S^$nxV^ 

[00 19] JB2 0#at«5*f f 'f ^^-Ctt, 

gil^D l3£U«iCD2*SX/8 n< DKX/4n?5>o 
l/4n<D2<3 A/8 nSr«*ii-J:5fc«*a&**tT 

[0 0 2 0] »3<D#atffiS*IB»flMR©¥¥* 

^-T^r t^r^mi: LT^S. 
[0 0 2 1 ] »4©#aKi«53tE«tff«OS^ 

d ia it 5 * V 3. V v- Y y V T'/WS # O^tt ICS 
[0 0 2 2] 5B5©^a»C«536|E»fl«B©l¥ 

S£ 3fil:(Dtt^SrS^-r^*Sr1#mt L.T^?> 0 
[0 0 2 3] $7t, »6©#afci«i3tlB»ttf«©l¥^ 

fc*&^i-2iaco2^tif-^^^mb, rtub^2 0 2 
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*©s*fca;<s*i»«;M?£i-5**:tt»£ lt^s. 

[0 0 2 4] *7©fafc«5ftE»W«©S£ 

iE*?^ ***»&©£***;* 
fcS<«*fc»l©2|«b«-*fca3M-5£#fc, 

m^mmm^m^tiv-^ir 2 as©m 202 inwi-s- 

fcS£*U l&l©2tt<:t«#©*fc£fciH^-ci62©2 

5. 

[0 0 2 5] -t LT> SE8©^aH«53tE»«*OW 

±#ifc-Ctt, Jg 3 Of a75Mm 7 ©f afcE*i©#Eft 
flMR©S£*«&tt:iH^'r, ^10fiSfclif20fg 
KEf^>tef f ^***rJB^5**:<l$«i LTV^. 
[0 0 2 6] Sfc, S9Cfil;tS5)tf-f^^8f-C 

[0 0 2 7] ^fc, mi 0(D^&HZ&Z>yt-7 ! 4 xtrnv: 
izis^Xtt* $9 ©fatEfc©*?* ^^git'fco 

[0 0 2 8] Sfc. mi 1 ©#»IC«53te7 f -f **JS« 
T*f4, S9©#afcE*©ftf*-f**IHlfc;SH*-C\ % 
?A * ? *»?>©R*t3fc*fcS < «*®»kAt*s»t -5 ? 

[0 0 2 9] mi 2©#afcff33tef*-f**S£il 

T*fi. m9©fa75Smi 1 (D^mZ-WMLOyftf 4 
S5S»-*5VT, ±Eft-7M x^±ffi^yv>iyv^/V7' 

i-2ia©2ffi-fb«#taEijiu i*ue>»2 0 2«[fls«-s- 

©**&SrjE:ft©flr-J§-i UtJDil U -t©fli*i*©*S* 
[0 0 3 0] tut, mi 3CDf atC^^T^;*^ 

«-cf±, #9©fa*fcttS5i o©#ticEi©*f>f 

**IS«fc«^-C, ±E3fcf*-f **a»e>©fi*tft*fc£ 

< «^-^m 1 © 2 »k««-»c*ifti-a * 

v ^ /v?" y -> a t^Wf -§- £ jEM ■^irt'tio^m&.xm^ 

©**««:« *.fc*$:*ct- 2 mom 2 © 2 

iu mi co2mtm^(Dmk&izm^Tm2(D2mk 

[0031] jek. mi 4<6#a^53t7 f >r *?sb 
-cf±, m9©fa;ftsmi ao^tEiojtT'^^^ 

[0032] afc, mi sto^mz.&zwf 4 **mw. 
tt, £tf«astry h©*** • • «fc*v^tfH)fc«©. 



5ftiP«*S:f54i-5» ttttJnfll*©fiF*E*:tfctti 

.[0 0 3 3.1 H6 ©f aw&sjtr ^ * * sau±, m 
[0034] mi 7<o^mz.&znt7 ! 4X9'8m.ti.. m 

1 5 Of SCEiOJtf^ ^ ?»a-?*oT, WEttJP 

[0 0 3 5] mi 8©fafc#33fr7*-< **§61I«U m 
1 SOfltffiiOJtf-f^^gfTfcoT, fuEttJP 

[0036] mi 9o#afw«53t-5*-f ^^3s«i±, m 
1 5©fafcE«©#5*>f x^gft-fcot, ifrEf+ip 

[0037] i2 owfaKKsaatr-f **»»±» m 

1 5 Of t tE«©)tf ^ ^ ^ gf f & o T> IWBftJP 

w^ri 5 B££7U4;|&ma*&^B#s mmyty £ -( 

L-CtlMS©Eft*)SV^ttn8*»f^S:*t*SWSr'l««i: L 

[0 0 3 8] m2 10#lt«536f^ *t?mW\±. M 
1 5 0f SJcEtt©^^ **ge-T?fcoT, Hf)E#JP 
flMHiRJJUI*. 7K^flM, * * 5 >-zf/V-^^it 
©ftftft. ^7-trEtff«*U<»4iix»c«-t-5WE± 
W«©W£fc#KfcW*-Cfc5*«r<l$1Ki: L-O**. 
[0 0 3 9] 12 2©#afc«S>te?*-f **1SW±, m 
1 5©fat-E*fe©^-f ^^3SS-T?feoT, fuEttflP 

[0040] j(S2 3©#at«53fc-r-f ^^k»±, m 

1 5©fSi:Sait03t7 f ^^?ifT?*ot > fuEttJP 

#©«4«rRteS*5*S:<lttfti UTV^5. 
[0 04 1 ] *2 4©#«H«53t7 f -f ^*fi«tt, m 
1 5©f aicE^Wft^-f ^^gftfe-st, fuEfs/ 
hj&sBf£©«$J:»>^il*mLfcB^ SfiEtV hiJSflG 

E«aH***r^rL,-CV^5t©ttttti-t-5fc5l^r±WEW- 

[0042] 12 5©#»Ki«a3te5*-f**ia!tt. m 

1 5©#a755JB2 4©faHEtt©3t7 f -f 

feo-r, «rEW*p««*Wi-5try hot, ma 

WPS h 5 ^ L , r.ttb©{fiOlofo5 
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[0 0 4 3] l2 6«#gt«5*f^f^^Sfl± > % 
1 5©#»fclEffc<Bft^-f **SS«"C*>oT, mJEafetff 
r.^3E^l-ff±m*^v\ * fete-t- 
[0 0 4 4] $2 7 0fll;#5*f^^^glli, ^ 
*-C*>o-C, l!&E£W*©S£&fftE^y HKBUWLfc 

[00 4 5] LT> IS 2 8 ©^SK:«53te?*-f **3S 
m.it. Ml 5<D^m. 121 *>5VMifl2 2 <£> 

#stcfE«o^v^^S«-efcoT, tirEttinflW© 

[0 0 4 6] Slfc, f 2 9©fgl:ft53tf-f^^fi> 

[0047] jbs o©#«fc«53fr5*-f**tt. 129 

[0048] ft 3 K&^&fcfRSft^^tt, ^2 9 
©#SKE*W>365*-r * * t-fcot, MEttJlHlMfHi* 

[0049] f 32 <n^mz.&Z>J£r 4 f 30 

©¥»fcE*J©3te7*-f * 9 -CfcoT, ttrEttflltiMR**" 

[0 0 5 0] fg3 3©#a^«53t'f f -f ^^tt, f29 
©#a71£MS3 2©fg|CfefK))fef^^^T?fcoX > 
ffiEttJntttR&^ri-SflirEt's' hwifc, umMlffi 

[0 0 5 1 ] HI 3 4C73^g{C#?,^-7 J ^^^t4, ^29 
o^a^E*©3t7*-f^^t?*>o-C. WEf«ttllW«#* 

[0 0 5 2] %z LT, 13 5©fg}I«5*f^X^ 
*±, 129 ©#J§£75iElf? 3 1 ©#SfcE«©3t7*-f * * 
•CfooT, 1fflE{+M**©E»©liMtt«\ ME^tffffi© 
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[0 0 5 3] 

[%BB©£tt©jgflS] SIT, ;*«93&aUBLfc:HrfMM£ 
[0 0 5 4] M6S0nm©l/-f-)tiNA0. 6 
>V—y'h Vfl — :/©P£Pi=Wg +W l =) 0. 7 4^m 

[0 0 5 5] 7*>f^^Sfitf±lSf$l. 5<DjKd^7 — 
io h£fflv\ SitHttA 1 i 2«|Otfy h 

SS^Sr^O'r-f **fcfc, ^H^fFS 2 4 6 5 3 l-^*^ 
y^fF2 0 6 2 8 4 Oti^^^fc^^V^r bXfc 
MUfc„ h7 s/^V^fiD i f f e r en t i a 

1 Phase Detection (DPD) fe&M 

mmifm 1 ] *%w<Dm 1 wwi^i 1 7i£H 5 

SrflJ^-CWWB-i-*. 

[0 0 5 6] 1211(4. £*>v 7 =>'v'-y/i'7 0 
20 yj/3.^»SB, RF{g-i§-igi|ig©BI#£*:b 

i±, l/8n = 54nm, 1/4 n= 1 0 8 nm, 31 
/8n=162nm> X / 2 n=2 1 6 nmt'fcS. 
[0 0 5 7] RF{S^S(8lit , '7hf^*U/4n©i 
#*^cfi:Sri: 5 , H 1 ©*{W©«*f±r ©ffiSr ltLT 
S«HfcU-CV^. ^y-^yv't/i'/'r^^ (TP 
P) m*fi«f±t!'y h8B**si/8 nOiSfcfct* 

30 T^LTV^o 

[0 0 5 8] TPPf§-§-{4t°y Ym& X/4n*$t\ZLL 

x, *©«tt^K(B-f-54s» *H**fc-ffc»k:» mi 

T'tt, l/4n<t°-y bSi$<A./2 nOfg^-eTPP 

[0 0 5 9] WlTP PM*i R Ffg-^-tCOV^TlS] 2 b 
m3Xm.W-rZe 02 (a) »±, h±Srt'-AX7K 
y hiS*«L-r*i5, HI 2 (b) f4, -t<DS4t3fc*s 2 5)- 

</^#^Sr^LTV^ 0 T P Pgf t R Ffs-§-(±^©2 
4° ##JS)fc35f^A, BCOffi^^rfflV^T, £AT<0»»fcJ: 

TPP=A-B 
RF=A+B 

EIHCiot^T. Dl (8 0nm) N D2 (13 5nm) 
t*b$h5^J©^y^#SU ^a-UcStjSLfcR 
F{g#4: T P P«*©5l*3ix*Sria3 SrfflV^KW-t- 
5. 

[0 0 6 0] &*5, ;:t*i = 6 5 0nm, n = 1 . 5 
t?foS*»e>v DKl/4n, l/4n<D2tftot 
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[0 0 6 1] RFfS-f-tftf— A*#y h&ytJ'-i *?tc 

3t*©»fp«#-efe5. f-Ax^y has try h_hfc# 

*-rS^T-f±, fttttfy htt:'j:3IIHJr©«»*:*tt, 
*3fe*-T-~©5! t> 3t* (K*bfc*i«^&x.Ttft^) 
5 £> , R F {§-§-© u^/vtt-t&Ti- 5 o 
[0 0 6 2] t'-A^*y h Sr^fc 

y h©ft£:*-fa (^v-vfi^-v^^^ifij) Id&tfSfti: 
©iS9 £^-rffi-i§- If— A*#y htftf y h©^ 

KflSO, *:<DUZ>j5fatt.Vy h<Dffi'&ffithCO^>yi/X'fo 
ZMzk^xmm-tZtztb. S3t*T-A» B©tttfj©M 

[0063] IU try h !/^-Ci?*je>©ffl4 

EO^fefrSrWfc-raSSD 1 ©tfy h"T?(i, tfy holt!*- 
y I4E*(S] , ftxy left tB § © lc 

3*tU S?$D 2©fy h"ej4, ^©ig£&5„ 
[0 0 6 4] :© J; 5«-t°y hWtfr&^y^-COfrg-© 
ffl*a3DltD2t?l±K(ELt*5 9, m$r$fc©01lc 
iH*T s > v-^ /i^ j/ a. ://Wf -§-©*lt£ 

[0 0 6 5] WSEI 1 *#JBi-5 £ , 
-rg!£D lMWcD 2©fy hS*-et±RF«*lB*B, 
TPPflt-g-ai«©l6*tffl[f4K«3rpl«?-C?*)9, TPPfs^- 
©tfH4©3*aW£ 5 r i: \z. t£ 5 „ 

[0 0 6 6]£lTt« RFffi-§-iTPP{§-§--Srffl^T# 

fco^TB4tttffc:B5*fl3^T:ift0H-<&o 0 4(4W£ 

[0 0 6 7] 4i\ El 5 (a) K^l" X b £Ett Sfufc. 
tfy b*n!£-tZ>W&*2iZ-Z> c , ^OBI5-C»±f y hS8 
JlpHciD 1 , D2> DltioTl^i^JrS 

©ffl^fiMfbT ^-f 2 Id J; 9 W*©JSas#Ji> fe^T T 
PPflf (05 (c) ) ifcS— imT>"73\z£ 
tJfcftiMtfcbixRFft-S- (B5 (b) ) t<c5. 
[0 0 6 8] RFf&-S-»4«WblHlK7t J:9WH«lV^y 
h d> b 5H««c»tt©*|jE«tiSffto 

2|frfbllll&8fc±0 2flMfc$ixfc|fc (B5 
(d) ) , H^LJteV^WEIB&^afebtba. 
[0 0 6 9]—*, TPPfB-f-fi^^U— * — 4(C<fc 

(+1) ^ttJ^StuS (0 5 (e) ) . IHfiHc => >v? u 
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[H]Sg6^Vv^ (-1) asttS^ttS (0 5 (f) ) J: 
5tiotv^ ( JpM^[h]IS6 ffiay^u-- *-4, 

2fc'-^oBMt (0 5 (g) ) h\^xmm%^m 
<. 

[0 0 7 0] BP*>, *P®gi3&6 T'li^i'v^i'v'-f 

Sot, f y hSB-efi-tOtf y h^$ (^Wi-ixtf^v 
/UT' y i/ :7VM8-§-±<z>iE:ft '^v* © til £ Hi 
/?) IclSCt-l t+ l©2^ffi*^7C- 
ticket), SfcfcTy h^riESix-Clr^V^tf-y h»"C 
f4 0i«5«iffi^ll[5cffl5tE, t°y h O^TSt t J: o 

<^BffIM2ffiffi»:Lfc#'&Jctb'<-C, afrT-f * * ±©tt * 

[0071] mwz'&&<D2mMzmft±tmmti:aium 
20 #©ff££rtT5 fc&tcte, try hcnmz*±xm—<Dh 
<okirtit£A\i\ ^c©0 5Sr#Ra.i-Htf, ^J^tf^^D 

l©fy hT-(±fcf-A*7Ky hi6S-t©lW3i y ^KftUft 
d^o fc^-g-IC (4 * ^ 5? * ^ -> ^ y •> =. zT;vm% ( T 
PPflt) (0 5 (c) ) I43E, axyi?T?AK|ljat 
S©-e, 05 (e) (f) ©/Vw^Sr^f-g-Sr-^fcT^ng 
L"Cfftt(i, fy hgpt?(4+ 1 , ^t°y hgS-CttO©^ 

[0 0 7 2] 3Et*»i-ixtf*»Mfcj3lt*, r ©IS® 

**©??fe*jsfe*)«v''r±»«-c»±, f y hoass^K— 

30 Tfo5^5J5©2ttiB^$H^^-7 f ^^7(C>ftLT»±2ffl: 

[0 0 7 3] Z^XVlWLtcXolZ^ RFffitt, TP 
P«-§-Sr«a**fc*t:#«IEftSrtf 5 Kf4, T P Pff-f- 
©«tt*SK*ti-5»* 1/4 nSr«EA/Tf2aSSojS?SD 

1, D2©tfy hSr)t-7 ? ^^i5'(Cj^^i-tb«S< , D 
1, D 2©3M$i LTf4, 0 1 d^b^JS «t 5f-, 
40 0 <D 1< A./4 n*»oA./4 n <D 2 < 1/2 n 

[0074] aiA^IODl, D2©«5HSrJ; 

A./8 n <D 1 < X/ A ni>Ol/4 n<D2<31/ 
8 n 

£1-ixtfRF«-S\ TPPM*l^7y^A<> 
[00 7 5] BP*>, J:t)*#*JR«©«-g-Sr#5ri:-C 
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[0 0 7 6] Sfc, «©ff hffiS^-jeoJt-T'f * 

9 . jglc^co$l£ Sr J: 9 JS^t"5 i RFjft • T P Pff 

[3£tt»1»2] 5fcco|g 1 ©Sat^HB-Ctt^ y^vv't 
^yVa^/Htf (TPPff) OjEA^Cfc2» w 

©2«MbflH§-«r£j«U -t«?*pj*IMS*i»e»ia»*^f 

[0 0 7 7] *-T5feOia5^M!), RFflHS- (b) CO 2 
(d) TPPM (c) &JEA*th?in<D 

s*ffix*2«kufdf^ (e) (f) ©BMRtaeti 

i, (d) ©Jtfb&fcfcttS (e) (f) COtBS, 

(1) (d) ©Sc*>T#0T? (e) i^ffla-rtxtf. S£ 20 

titr#8f±+ l 

(2) (d) ©Sct>T#9-e (f) 
t» ««:- 1 

(3) (d) cost*, _h*s *> -C?f±, S^lt^tt^i'O 

[0 0 7 8] flWJtt$fc©jB 1 ©IfcttJBMMiiasitSBU i 
mZmmX'hZtK *P«»Ih|J«6 tftt>o-C7 y^9> 

LTf±=> — 4 % 5*^tti^^JxS^Vu^. (g) 
5^*5tt5 (e) (f) ) d5-^x.btbT*5 9 , RFfl§ 
fc2fitffc:UfcflH3- (05^*3^5 (b) ) ©&*>T#!3 

T0Srffi*SJxSt!IKl«j*SJxTl^5. 
[007 9] rtlf)7yf 9^ 1 OOffl^JliRF {§-§•«> 

2»kLfcft* (2«4tiiia8om*) mmv 

1 £ ftoTV\fttfW£Lfc1fc$gtt+ 1 , 7 y^ 10 cotii 4» 

i 0 3K*»m**5 0-c*)ixrfMufcflM6i4 0 t l-cw 

[0 0 8 0] **srco^2coiliS^jj:i*-v'»T'fc, fern 
1rZ>yt?f4*9Wv hi%£i±Wii<DmMftmx*&^<tc 

[00 8 1] *IUfe^S|-Ctt, 6 5 0 n m&fts N A 



74 

cots Tit* fcfi^-frjb^asprte-cfca r. £ «s 5 *-et> 

SHI 0«:#]!BLTfT5. 

[0082] *38Wn*j^atfr«os4Jisatt» an 

[0 0 8 3] H7 tt^^»w*S^SWSS^©S*J^a 

[oo8 4] {£ffl-r-5)tco»ft& *?mfa<o 

Biff**: n t LfcB# % 0 7 Ki^X t°y M 3 1 14$?£ 
^ (1/6 n) Sgcoifci&lftift^ fc° y hT'fc 1 ? » 
SUtfy M 3 2»4»*j8S (1/3 n) g^coJt^W 

0< (tfyH31 ©$1£) <l/4n 

l/4n< (t>M3 2 <l/2n 

[0 0 8 5] rHfecofy h?iJ£r5£tf-A 1 1 0 1 CT 
H7*©fcPP(D*lfcl;ijfeSEl.*:»3\ jtefcEl 1 lT-fclfc 

Sfcto^d- h^^T 1 ^^— ©AW3t*©»*Jfll* (a) 

<ti-iii:-CttfD«*2ffl[fl:«# (c) Sr»5. tfy h 
©**»±. £©8ftflt-&2«Hfc;ffi-» (c) j:o*y»J-ra 

[0 0 8 6] 7* h'T-fT"^^— ^cOAtt^t (# 

1/^x^(5^^^^*^ co ^tt^t) Sr. *t'-Acoil 

3, VyV^ls'sv/v?*/ ^=.7*/WS-^ (b) Ciilt 
hittttSfCfeSCT', -?:C0Stt7tc03i* 

*»*j*>*v^±aitui-*-fiin]. m«-r^fit°y hco^^v? 

ffi </u * « ©«* 4:38 £i- 5 * fc: 5 . 

[0 0 8 7] rco^ Vv'^^V^yVT'y V^. 7°;Vf@^-C0 
Htt(4^o^co5H^«k t>^tfj-f-3* s , -t© lotttf y 
htoa?$T**?3o rcoH17T-(i^^:±. S^yH 3 
1 -CtlHtJ^-y (3tf— l 0 l*s tTy Mc^Lffi-a* 

i i o i*st°y HA»e>sitmi-»fW) -r-Aco-^/v*^ 
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£-T5©(-ttU 8V»tTyH3 2flt ffi^y^X'g. 

©t U^5. 
[0 0 8 8] Z.<D^M\^WM%<n\f y MCiS^PP, & 
2.Vf±0&f^^ — >-* 5 fs/ H31, 13 2©$!$. Id J; 
!5Stei-5fc«)-efe<9. t":yhl3 1, 13 2©g££{:: 

TV n 5 t * 1» fcB* 5 o 

[0 0 8 9] Vv ? ^>'v'-v^7°5'iy^7°/Wf ■§•© 

[0 0 9 0] r<D^^v 5 o;>->-V/U7'-yv'3.7 s >'Hg^-§r 

(d) Sr»±S*5i*t, *#Afcf6*Mtt#BrJ£©i' 

W4tfctttf3-I§- (e) SrMS*5«fc-fixrf, r^?>i 
±iS»ft«#2flWbfg«- (c) i: **a*-fr:b** i: T? 

try h*£*tWB^ (f) aetata. ip*>, 

2Wt«t (c) oic*,T36S 9 U) , 3t*>± 

# «? ©Ht^T* (e) fc^A'^^WW^ixtHfai^fy h 

[0091] m^x* &?sm<Dn3<DmMfcfflifc^^x 

MTm 8 75^H1 1 0 UTtftSJ-r So 

[0 0 9 2] HStt^Blfca^Stt^^StK©, 

[0 0 9 3] Elsid&^T, ft-r-< ^^*»b©S*t)t 1 
0 1 \±y* V^r^T-t 9 1 0 2 -kcotp'bKMyt&in&o 
y* hT-ff^^i o 2fitV h5U©Ss»#iRi©5MWII 

i, *T^^*S*^IO^Iit4oO«fa, b, 
c, dK5MW**fC*s!>, **b-P*b©aB»riA4t-t-5>fc 

ifctt^JLfcff-f-SrttJ^-rs, JPgHSS 1 0 3 - 1 (4, 
t'-iNiittf*lSl(-MLT^{l!l^-(4*i-5^b, c©fP 
(b + c) «rtil*U iPglUSSl 0 3-2(4, t'- 

(a + d) Srffl^li-5c An^H1^4tt4o©*^ 
©a*©»*P (a + b + c + d) ?:tii*-r5.o 
[0 0 94] *P^®8& 103-1, 103-2 ©(±5^1(4 

^106— 1, 1 0 6 - 2 lcA^$tb?>o 
-^ 1 0 6-1, 1 0 6 - 2 tt-tfr-etufcb 
tbtltcl) 7y U>-^affi+R ef 1, -Ref li^y 
i yv-t^y v-=-://WB#£:Jfc|S5U +Ref III 

^4§^l::»4=i>v*u— * 1 0 6 - 1 *S "H" -R e 



f i }cjt'«T^^v?i>'V-r/i'7's'v'=.^v(B-i-©Sti 
^A*iaH!ij6»tfi6s*:T?*)S»&litt=^'«v— * l o 

JDgiagSl 0 4©m^3l4=>'^U— 9 1 0 7tTP 77 
Uy^fff+Re f 2i.Jfc.|J§^ ^©M*T-jfc5 2ffi 

te{t-§-r±±fli*«£iiiis i o 9 Atmaq»«W£iai& 1 

0 8, Mlc)tf.<^^glCiff?rWt53> ho 

-7ii o^ttj^a-uSo 

[0095] 3yho-7ll0 te±tH$&l?£® Eg 1 o 
10 9 ^>-0—#nyj#ifts iii, ^fls 112* iro#J»Srfi 

5« 

[ o o 9 6 ] huxS©J; 5 *'y^i>'v't^'>'v'a 

M fi , d> V s i > -> -v />y s/ v- TVWg •> t* y 
b ©fi ^ v'TrlE©-'^^, y v?x-A©^^^ Srffl 

5 c ifcfcs. HJntfr«S4iHiK 108 tt;:©jsc«fc:s 

[0 0 9 7] SI 9 ttt#Jntff*SfelHllft 1 0 8 ©<fc <? A 
##J&1£$; : S:jf:LT^3o n^u— ^ 1 0 7©ttj^»m 
-§-{±^-y^atH3SSl 8 3^7s.***b«. aiy^tftWlHl 
%1 8 3(43^1'-^ 1 0 7©ffl^<Oi*)Ti4 s 9 

^)/^/wy;f±NANDlHl^ 1 8 1 ©A^7© loiFF [e]S& 

1 8 2©^ n -y?At). R^^^^m^l 8 5 tCA* 

30 ^tV5)o 

[00 9 8] NANDlH]Egl 8 1 (7?ftil7j©A^t-tt=i 
^U— 1 0 6-l©ai7tl^A^^tbT*5i9, NAND 
HISSl 8 1 <DiHt)tiF FlUES 1 8 2©R e s e t A^IlC 
gi^tltl/^-*, 3^I/-^10 6- 2fflttli 
tt, FFIeISSI 8 2 ©-7= - ? Kti^=F D $ tLX V ^ 

5 0 FFlHlSSl 8 2©W^)Qt4^— ^mTcIHEll 8 4tC 
S8»$*VC*59, f*— ^«5clHlKl 8 4r±^*b»cX#«- 

[0 0 9 9] ^fc*7>-^ 1 8 5 t>FFIe]8Sl 8 2©i±J 
40 ^Q(C^^tVT*3 9 , rtvt^CD^-y ^ttHUgSl 8 

[0 10 0] FF0SS1 8 2©m7JQ J ^7='-^«7ttH]8S 
18 4, afeT^ld*^^^ 185fc3y 1 1 0 \z 

TBI10S:#RHL-C-t©ib^'f 5V^SrRW-*-5. 4- 
*sH«f*±a»-*Ufctry b©rt» 1 3 lttSVMfy 
b, 1 3 2(4^^^ b"^*>5o 
so [ 0 1 0 1 ] 7tbf— A 1 1 0 1 asCLW.kSrjffiig-rSlc:^ 
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(a) f4tfy h ©=ft**S(;:jS DfcU"<A<&S!)&^U y-v 
v^W-fAO'V v-^^Wt-f" (b) f4fc"yh©a:s/ 

»*i-*u«an*iai6om*«-9- (a) # i"</vaMt 

[0 10 2] ^y/^-^10 7Ott)A (c) , 3V/-? 
I — y" 1 0 6 - 1 ©tti;>3 (d) Stfay^l/- 9 1 0 6 

-2©hwj (e) tt-*ft-pixii&a$Lfca»K Jngiu&i 

0 4©lb*8P*>Rl+3fe*MS<«-S-, MWCy-^v^V 
v^Ay* y V» 7'/Ht*<OiEA*"lSl It 5 2 flMMS* 

[0 10 31 ^y v^ttilslEgl 8 3iitV hOffi^y 
v 5 , U*)3^l/-^10 7O|iJ^ (c) ©£*>Ta s «3 
fc»V^-C (f) fttf-Al l 

o l^an^tv hi 31 (c^Lffl-^st, 3^s<u~—? 

10 6-l©ttJ^J (d) # "H" N AND 

[h]SS 1 8 1 (DmtJ (g) f-f4 "L" U^<;KD/^VXiJ5ffl 
*£;h/CFF[H]3§l 8 2£y-i?y h U F F HIES 18 2 
©ttWj-CfcSQiSHf- (flT*ttBll 0© (h) ) f4 "L" 

[0 10 4] —j5jfZ—J» 110 1 ffl^fy h 1 3 2 
ICSlUl&^St, 3^^10 6-2©^ (e) 
tfS "H" t*5fc«>, FFlHliSSl 8 2Cf-^A^»^ 
D»4 "H" ICJfe "9 . FFIslS&l 8 2tt^n y?At)Xh 

fc, ^OfflAffeSQiS^ Mt*ttBI 1 0 © (h) ) 14 
"H" tiot, hT'fe5*Sr*^-t-^ 0 
[0 1 0 5] 7 s — f&Timi&l 8 4(4. r©FF[a]£gl 

8 2CDttS^Qt > ^y^fcttillllgl 8 Safety hfef- 

wiBWr*©*5c • *5v*tt{tfsqto«©#£©*rai 

U ayho- 7 1 1 0tt-t<D*£*fcfS£T#;x-r;*y- 
S11*-tt©*lfls«:»!Wi-5. 
[0 10 6] Sot)tf^^$li UT(4-?r©#iPtf 

* * »4^r^ bttmmmzs&m. ut t±flif«oE»»*tt 

[0 10 7] ^Jo_hiErom.PJT-f4^tt$B(4b°y h©*r*i 

itffa^fEg^^-rv^ftv^ y- -cfc;h.f4\ ifrg-t-ft 

fffcT y htf^j£$*l/T^33fc-7M * * -Cfcfttf , ■?:©$§ 
$ K X <9 * y *S 3i y v- fvzf y v" » :7VWf ^©Sttfi^ 

[oio8] ^<Dmcmi&zthtcyt7 : 4 *?mw.\^. t° 

y h©j£££#IIIl$^;iTf4^ftV^£^©)fc7^;*y 



75 

fossi 8 2©aa* (mi o© (h) ) (4 "h" *>2>v 

(4 "L" l~<;V<?)ft)riMzmfe£jn. mf&tefrht'y h 
W£#fr*.3. *fls«)Jc:ttBI8«t>-e3W«U— ^ 1 0 7 

[0 10 9] «o "OMSK ©#7* 

[0 1 10] IP*>, ft^Jtefe*©^?^ ^.^SrW^i-S 

tiMRasjE*fcff£tti*fcv\ iib£VM4±ttMS©l*9^fe 

^© ntk&ft i m\c UtAv». 
[0111] r©tmci-2xr4\ ffi*©*^^ ^^i-Wi- 

^^HiSi-S^c 1 y^©milSr=>' 7 1 1 0©ftij 

pfcioTOFF-r?)*ttu*, mxma<DmwLK.t>* 

[0 112] 4fcJilESiKbfc3t^^ ^.^^»©fllJ5S; 
y h©^ii©^^[S]lCt3»t?)3S«^*©^5r^i-. 

[0113] tto-c±flir«©if^jwRju-cniWrsE©ia 

rw^yv'iyy^/vT'j' v-^.T'/vff #(4t°y h-© 
^$*5fE^o (1/4 n) Sr^^C U-cmSH-S^AO*© 

40 [0114] 4fcr:©#«:lt3l5©3t'5*-f ^^T»±, K*t 
3fc*©*fc, *v^jft*.ixrf±flMRSr#57t«>©S4feflr* 

©SB-^s/'N^*)5eft#6>*tnrr, ^^hSrWji 

±M«B< »fiJti-5^Ktt«ii'\ «o-CftJ&B««Sria«|tL 

fc3tT r ^^^T*(4, t°y HWiSSSrft*©*^^ 
fettSt©^ ^JnlS^^^-fr^^fy bivt>t?li< 

9, *>5VM4-t©W*Pfll«*rS^-t-5*i:-*-ix«r&V\ 
[0 1 15] MLWr ^^lWitW^^ MCtt 
so jpfl|*S:»7t*5^SII±SSV^©-Cx ±flE©«lcW*ptff« 
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[0 116] tfOtf^^^glittt, tTyhasS 

[0 117] i^5-C5!5©H9Sr#BH-t-5t» 'r'-^ffi 
1 8 4 t ID**, 1 8 5tcb^-y i?tfcffi|g 

H18 3^bO«-§-tFFIalSgl 8 2 ©tH^Q^g^c;* 
HtV x 5i s , rft»±3fc3&©il Pint's/ Mc^PTFF 
[HlSgl 8 2CDm^3Q*5 "H" C:&5©T\ -^©Ed^feS 

v^ttHUk-JS*, *L<tt*ffc©igs^&3iys;fcffl|5] 

t>©T*fc2>o 

[0118] WiffiilcftJiDltS^Mv^i^, 0J;L 
«iHiv n tr y h £©W6-£l±-& *ix-c^ 5 

1 8 4T*ttMt$8©^5i:£tT5£-t?t>*i< , Z.<Djj$l/ 
^18 5<Dfc&a>> hn-7 1 1 0X*^Sf5«tCLT 
r.5i-JxtfMJPfll*S:*r-r5t , j/ h©»^W 

£«2*-h-C fcfttf {-MintiMR ffl Lfc i WOT % W 

-i * ? Xh 5 i>*&i>*v>Wfe&?fx-Z>o 
[0 119] JbSV^l*^^^ 1 8 5 CD'ft^^fflCGI.i 
^-^^tcIhISSI 8 4 KttTJRtfMS© 
IStu • W£§rfTfc>-frfc*K ay ho-? 1 1 0I:Itc$ 

[0 1 2 0] SfcttJBSfrSft^^fcfc^-Ci* £ 
[0121] t Z?>X*'T — *'lg.7t\Bl& 1 8 4f±f y Ki£ 

$^m^*t:'fc2)F Ftassi 8 2©ta**>fef«t*pw«s: 

Stt5ri^5 0 r©4§-£\ fyHolcotW 
JnflMR*s-t-©W§fc:JSXT l tV h#J?) %xhtiZ>^ t 
izfrZtctb. try h lofetlii***b5^y^lftWiai8 
rotiii^^w*^ f+iBflM»©i try Sfeicfcj-jSLfc^ o 

[0 12 2] — flStolc, ftx-f **T?l4f s> hOttt^S 
lci2^1" 5 tt*Ptf $R©-^&©tf U ±ttf« 



20 

S^W « i -J- 5 *T\ £tfr$B © rt * L fcttflPtitfB 

immrm 4 ] ©jg 4 ©**»tt&aT!RWi- 

[0 12 3] ft<*p&*i/Ci*5*fc:» ftf^^^ttt 
10 (± tr y h -eflMStfEtt * frfc W£ © t> © tf *» 5 Tf H: 
K*t*asj|!!c5-r— ^Sr^i-5*-«?IE»^IIB4 

x, ^©Eft^-^oEltSfcioaMbfcS** try ST- 
EftSixfe^-f ilSI*^fl^«rfT5*tt'sri6-e4> 

[0 12 4] L*»LIS®:"SII6*3t-7 tf 'f tlotfc, 
[0 12 5] r©ft*H**^ff±*>5V^t*l*liltii**v^ 

[0126] iz-rm^temt urn. wjpi*^w^$ 

[0 12 7] r©*^-t-*tfi^FjElC3tr— ^Jxfc^f-f 

tr— en«i< % try vxmm^mm^^tz.iE^ti.itv 1 ^ 

[0 12 8] Jte*J«-*Pttf«4S*attKiS4a3tE-Ct>» * 

[0 12 9] *>5iHlWi0tfr**l5**>5v^i*ffi$ix 

^v^-g-tcM-v^T, -t©3t^>f *^©W££tI§.*&^© 

so [0 13 0] ^fctttCtta.— V-frhlVfjKiKDWO 
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[0131] f L<(i3yho-7l 1 0©Ji^«t!J 
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MULTI-BIT CELLULAR REFLECTIVITY 
MODULATION FOR OPTICAL MEDIA 

ABSTRACT OF THE DISCLOSURE 

An optical storage device, comprising a disk 

having a recording surface for reflecting laser light 

incident thereon, and a plurality of cells representing 

stored data. Each of the cells is characterized by ona of 
N 

2 predetermined levels of effective reflectivity to the 
incident laser light, where N>1 and wherein N represents the 
number of bits stored per cell. 
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MULTI-BIT CELLULAR REFLECT I VI TY. 
MODULATION FOR OPTICAL MEDIA 

Field of the Invention 

Tills invention relates in general to optical disk 
storage devices, and more particularly to multi-bit cellular 
reflectivity modulation for CD-ROM and Wri te-Once-Read-Many 
(WORM) drives. 

Background of the Invention 

As computer power grows and computers deal more easily 
with huge amounts of data, the need to store and retrieve 
large amounts of data has become an industry need. The moot 
effective and compact method currently known for storing 
digital data is via optical media. However, while optical 
devices have hugely increased rates for data retrieval 
density over magnetic media, the need still exists to 
further increase data storage density on such media in order 
to increase storage and data transfer rates. 

WORM and CD-ROM drives use pits to represent Gray level 
changes of binary data on disk surfaces. The method for 
creating the pits, and formatting of the media varies 
between WORM and CD-ROM systems. However, in both prior art 
systems, laser light incident on the media surface reflects 
differently from a pit than from the flat surface of the 
optical media. The pits are visually in the form of either a 
bubble, or a depression on the disk surface. 

The principal difference between WORM and CD-ROM disks 
is that the WORM disk is made of material that can be 
written to once. This means that the user must first format 
the WORM disk, and then write data to be formatted on the 
disk* By way of contrast, the CD-ROM optical media can only 
be read from. Information stored on a CD-ROM is first 
copied to a master disk, at a production site, and multiple 
copies of the CD-ROM are then made from the master disk, for 
purchase by the end user. Thus, as discussed above, the 
principal difference between a CD-ROM and a WORM drive is 
that the CD-ROM is not formatted for writing (i.e. instead, 
it is pre -formatted with data) and cannot be written to, 
whereas data may be written to a WORM disk one time for 
subsequent read-back many times. 
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A pre- formatted CD-ROM and a WORM disk on which data 
has been recorded, are characterized by similar disk 
structure. The disk ia approximately 120 mm in diameter, 
1.2 mm thick, and has a hole 15 mm in diameter across "the 
centre. The information is represented in a spiral of 
either small pits or bubbles within the disk. That surface 
is coated with a reflective layer, which is further coated 
with a protective lacquer. Traditionally / the pits have 
been characterized 0.12 pm in height or depth and 
approximately 0.6 urn wide. Successive turns of the spiral 
patterns of pits or bubbles are arranged 1.6 |im apart. This 
spacing results in a track density of 16,000 cells per inch. 
Between each pit or bubble, is a flat area referred to as a 
land, such that the distance between successive pits in -the 
spiral is traditionally in the range of from 0.9 - 3.3 ym. 

Notwithstanding the differences in the recording of 
data on CD-ROMs and WORM drives, the technique for reading 
data from either a CD-ROM or WORM disk at a given cell is 
the same . 

In order to read data from either a WORM drive or 
CD-ROM, a laser beam is focussed on the spiral tracks of 
pits or bubbles and the light is reflected back through an 
objective lens and measured. Light striking the pits or 
bubbles is diffracted through a wide angle such that very 
little of the light is returned to the lens. However, when 
the laser light f ©cusses on the flat land surface between 
successive pits, most of the light is reflected back into 
the objective lens. The modulated signal produced by the 
combination of reflection, diffraction and interference of 
light represents the information stored on the disk. The 
reflected light is received by a photodetector adjacent the 
lens, which produces a current proportional to the lic/ht 
Intensity. Thus, the reflected light signal changes each 
time the laser beam moves from a pit to a land, or vice 
versa . 

One of the primary objectives in all digital storage 
devices, is to increase data density or capacity of the 
storage device relative to the storage volume or area. It 
is known in the prior art to increase data density by 
decreasing the size of the pits or bubbles and the distance 
between them. However, with a wavelength of approximately 
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0.6 microns for the read laser light, the limitations in 
focussing of the beam on reduced sizes of the pits or 
bubbles are significant. The well known Rayleigh Rule 
quantifies the minimum resolution of lenses, while the 
Heisenberg Uncertainty Principle dictates the uncertainty of 
the position of an electron relative to its momentum. In 
accordance with these laws, it has been determined that the 
minimum possible resolution of focus in an optical system is 
approximately X/4-ttN, where N is the numerical aperture of 
the lens. Therefore, it is virtually impossible to create 
smaller optical cells than are currently available («g. X/2) 
since in order to focus a laser beam on data cells which are 
more densely distributed than In the current art without 
resorting to quantum mechanical techniques. 

Accordingly, various attempts have been made to encode 
greater amounts of data into optical storage media. 

For example, IBM® Report RJ-3287 entitled Frequency 
Domain Optical Storage, teaches a method for maximizing 
optical recording storage density by storing information in 
the frequency spectrum at each spatial spot. 

U.S. Patent 4,963,464 (Setani) discloses an optical 
medium having two or more bit streams of data stored 
thereon, wherein one bit stream of data is distinguished 
from another bit stream of data by the depth of the pits 
utilised to represent the two data streams. Thus, by 
interleaving pits of different depth in the spiral track, 
two or more streams of data may be simultaneously stored. 
However, according to the Setani Patent, each cell 
represents a single bit of data. 

U.S. Patent S, 060,223 (Segawa) describes an optical 
information recording medium having specified pit and guide 
groove shapes, where the pit depth varies from 0.46 X/n to 
0.58 X/n in the preferred embodiment. Thus, the system of 
Segawa provides guide grooves for bracking which are formed 
in a concentric or spiral shape at a predetermined pitch, as 
well as pre- formatted pits formed approximately mid-way 
between the guide grooves. As with the Setani Patent 
discussed above, Segawa is limited in its teachings to 
representing a single bit of data at each cell location. 

Other prior art is known which considers the 
consequences of varying pit depth in an optical storage 
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medium. For example, IBM Report RC-9B60 entitled Two 
Dimensional Modelling of Optical Disk Read-Out, disclose© a 
model to examine the effects of data density, phase pit 
depth, etc., on the quality of a read out signal. 

IBM Technical Disclosure Bulletin, volume 34, number 
lOb, 3/92, entitled Three Level Mask Method for Gray Scale 
Printing, discloses ninety-nine "gray" levels of light 
absorption and reflectance in a "super pixel" for 
applications involving electro-photographic printing and 
other processes. 

U.S. Patent 4,852,076 (Ohta et al ) describes an optical 
information recording and reproducing disk employing a film 
having thermally changeable optical characteristics, where 
the depth and width of the pits are within =/- 10% normally, 
and the material reflectivity of the disk is described as 
being variable from 13% to 23% due to heat distortion in 
fabrication of the disk. 

U.S. Patent 4,551,828 (Chung), entitled "Quadrilayer 
Optical DRAW Medium", discloses a thin "triggering" layer 
used to enhance the pit formation in a DRAW medium, and for 
causing pit depth variation and reflectance variations in 
connection with same. 

U.S. Patent 4,930,116 (Dil), entitled "Record Carrier 
Containing Information in an Optically Readable Information 
Structure" concludes that the shape of the pit walls has 
little effect on the storage and retrieval of data from an 
optical disk. 
Summary of the Invention 

It is known from the prior art that by varying the 
laser power, or intensity, pits or bubbles of different 
heights can be formed in an optical disk. It is also known 
that a pit or bubble of one height will reflect a different 
amount of light back to the objective lens of the optical 
read head than a pit with a different height. The reason 
that pits of different depth or height reflect different 
amounts of light is because of scattering of the reflected 
light and interference between the reflected light, which 
has the same phase as the incident laser light, and the 
light reflected from the pit which has a shifted phase 
characteristic dependent on the pit depth. 



CA9-92-005 



5 



2085974 



Thus according to the present invention, it baa been 
discovered that multiple-bit data may be encoded on an 
optical storage medium by correlating the depth of a pit or 
bubble with a particular multiple bit sequence. 

Various aspects of the invention are defined as 
fo 1 1 ow S : 

An optical storage device, comprising a disk having a 
recording surface for reflecting laser light incident 
thereon, and a plurality of cells representing stored data, 
each of said cells being characterized by one of 2 N 
predetermined levels of effective reflectivity to said laser 
light, where N>1 and wherein N represents the number of bits 
stored per cell. 

A method of encoding data into a WORM disk utilizing a 
laser beam having a wavelength of X, comprising the steps 

Off 

a) formatting said disc: 

b) mapping two-bit data into four cell type© designated 
as cell type 1, cell type 2, cell type 3 and cell type 4, 
Wherein cell type 1 is characterized by a first level of 
effective reflectivity for reflecting a first predetermined 
amount of said laser beam, cell type 2 is characterised by a 
second level of effective reflectivity for reflecting/ a 
second predetermined amount of said laser light less than 
said first predetermined amount, cell type 3 is 
characterized by a third level of effective reflectivity for 
reflecting a third predetermined amount of said laser light 
less than said second predetermined amount, and cell type 4 
is characterized by a fourth level of effective reflectivity 
for reflecting a fourth predetermined amount of said laser 
light less than said third predetermined amount; 

c) setting said laser light at 1/3 of the power 
required to create a cell having said fourth level of 
effective reflectivity; 

d) simultaneously rotating said disk a first revolution 
and pulsing said laser light at predetermined times for 
exposing cell type 2, cell type 3 and cell type 4 with said 
laser light at 1/3 of the power required to create a cell 
having said fourth level of effective reflectivity; 

e) rotating said disk an additional revolution and 
reading cell type 2, cell type 3 and cell type 4 and 
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identifying any ones of cell type 2, cell type 3 or cell 
type 4 Having excessive threshold values; 

f) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing predetermined ones of cell type 2, cell 
type 3 and cell type 4 identified in step e) as having 
excessive threshold values; 

g) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing cell type 3 and cell type 4 with said 
laser light at 1/3 of the power required to create a cell 
having said fourth level of effective reflectivity; 

h) rotating said disk an additional revolution and 
reading cell type 3 and cell type 4 and identifying any one© 
of said cell type 3 or cell type 4 having excessive 
threshold values; 

i) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing predetermined ones of cell type 3 and 
cell type 4 identified in step h) as having excessive 
threshold values; 

3) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing cell type 4 with said laser light at 1/3 
of the power required to create a cell having said fourth 
level of effective reflectivity; 

k) rotating said disk an additional revolution and 
reading cell type 4 and identifying any ones of said cell 
type 4 having excessive threshold values; and 

1) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing predetermined ones of said cell type 4 
identified in step k) as having excessive threshold values. 

A method of reading multi-bit per cell information from 
an optical disk . using a low power laser beam having a 
wavelength of X, wherein said information is encoded in said 
disk as four cell types designated as cell type 1, cell type 
2/ cell type 3 and cell type 4, and wherein cell type 1 is 
characterized by a first level of effective reflectivity for 
reflecting a first predetermined amount of said laser beam, 
cell type 2 is characterized by a second level of effective 
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reflectivity for reflecting a second predetermined amount of 
said laser light less than said first predetermined amount, 
cell type 3 is characterized by a third level of effective 
reflectivity for reflecting a third predetermined amount of 
said laser light less than said second predetermined amount, 
and cell type 4 is characterized by a fourth level of 
effective reflectivity for reflecting a fourth predetermined 
amount of said laser light less than said third 
predetermined amount; , comprising the steps of: 

a) simultaneously rotating said disk and exposing said 
disk to said low power laser beam causing modulation in the 
amount of light returned from said disc; and 

b) detecting said light returned from said disk and 
converting said light returned by thresholding into any one 
of four two-bit codes representing respective ones of said 
cell types. 

It is contemplated that the principles of the present 
invention may be applied to all types of optical storage 
systems, including CD-ROM systems as well as WORM drives. 
However, as discussed in greater detail below, the preferred 
embodiment of the present invention is a WORM drive 
implementation. 

Brief Description of the Drawing s 

A description of the preferred embodiment is provided 
in greater detail below, with reference to the following 
drawings, in which: 

Figure 1 is a cross sectional representation an optical 
recording media structure with encoded pits characterized by 
four cell types, in accordance with a first embodiment of 
the invention; 

Figure 2 is a cross sectional representation of an 
optical storage device with encoded bubbles of different 
heights, according to the preferred embodiment of the 
invention; 

Figure 3 is a plot showing interference patterns for 
cells of Figures 1 and 2; 

Figure 4 is graph showing ranges in cell effective 
reflectivity for the four cell types shown in the structures 
of Figure 1 and 2; 
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Figure 5 is a flow diagram showing the steps for 
writing multi-bit data per cell information on an optical 
disk, according the preferred embodiment; 

Figure 6 is a flow diagram showing process steps for 
reading multi-bit data per cell from an optical disk, in 
accordance with the preferred embodiment; 

Figure 7 is a graph showing peak read-out contrast 
versus phase pit depth for the four cell types shown in 
Figures 1 and 2 and 

Figure 8 is a plot showing interference patterns for 
different cell types where the pits are deeper than X/4; 
Detailed Descr iption of the Preferred Embodiment 

As discussed above, according to the present invention, 
a system is provided for creating data cells in an optical 
storage device wherein each cell is characterized by a 
multiple bit density. By increasing the bit value of each 
cell, both the data density and the read rate are increased 
by a factor of N, where K is the number of bits in each 
cell. 

In contrast with the known prior art, according to -the 
preferred embodiment, more than one bit of data is encoded 
per cell by varying the effective reflectivity of each cell 
such that specific ranges are achieved of reflective 
co-efficient for each cell, between a predetermined minimum 
and maximum. In the present specification, the term 
effective reflectivity is used to indicate the cumulative 
effects of reflectivity, scattering, interference ' and 
diffraction. The term reflectivity alone and the term 
material reflectivity represent only the amount of lig/ht 
that is reflected assuming a flat surface. For example, 
typical optical disks have a maximum value for reflectivity 
of approximately 0.6, the minimum possible reflectivity is 
approximately O, Thus, by assigning different effective 
reflectivities to respective cell types, various multiple 
bit data sequences may be associated with cells of different 
effective reflectivity. As discussed in greater detail 
below, the assigned cell types match a range of effective 
reflectivity, not just a fixed value, to account for process 
variations and inaccuracies. However, provided that the 
cell effective reflectivity conforms to a predetermined 
range between minimum and maximum, then accurate recording 
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and reproducing of multiple k>it data is possible utilizing a 
single cell. 

Turning: to Figure 1, an optical disk structure is shown 
in accordance with the present invention (ie, either CD-ROM 
or WORM). The optical disk comprises a label 1, overlying a 
protective layer 2, and a signal recording surface 3 
embedded in plastic polycarbonate layer 4. 

According to an important aspect of the present 
invention, multiple bit data values are assigned to 
different Pi"t depths for respective cells in the reflective 
surface of the optical disk. Thus, for a two bit-per-cell 
structure as shown in Figure 1, cell type 1 (Identified by 
reference numeral B) is characterized by a depth of 
approximately O, cell type 2 (identified by reference 
numeral 6) is characterized by a cell depth of l/3(X/4), 
cell type 3 (identified by reference numeral 5) is 
characterised by a cell depth of approximately 2/3 (X/4) and 
cell type 4 (identified by reference numeral 7) is 
characterized by a cell depth of approximately X/4, where X 
is the wavelength of the Incident laser read beam. 

As shown in Figure 2, bubble forming media can be 
utilized, rather than pit forming technology, since bubble 
forming technology is the current trend in the market and is 
generally considered to be more available and to be less 
expensive. When pit forming is implemented, the present 
invention uses exclusively those media which are conducive 
to pit melting techniques rather than bubble popping 
techniques . 

According to the preferred embodiment of Figure 2, 
changes in the effective reflectivity result from a 
scattering effect when the incident laser strikes the 
bubbled surface. By way of contrast, with pits, the 
predominant effect is an interference between the incident 
and reflected waves. Cell type X is represented in Figure 2 
by reference numeral 8', cell type 2 is represented by 
reference 6 1 , cell type 3 is represented by reference 
numeral 5 f , and cell type 4 is represented by cell type 7* . 

In accordance with the principles of the present 
invention, multi-bit values may be assigned to respective 
ones of the cells. Thus, a Gray code encoding scheme may be 
established in which cell type 1 represents the bits OO, 



CA9-92-OOS 



2085974 



cell type 2 represents the bits Ol, cell type 3 represents 
the bits 11 , and cell type 4 represents the bits 10. 
Alternatively, the various multi-bit cell types may be vised 
to indicate changes in value of multiple bit data. For 
example, cell type 1 may represent no change in the 
multi-bit data, cell type 2 may represent complementing the 
least significant bit only, cell type 3 may represent 
complementing both bits of data, and cell type 4 may 
represent complementing the most significant bit only. 

For the two bit-per-cell structure of Figures 1 and 2, 
the read rate and data density for the optical storage media 
is increased by a factor of 2. 

Apart from the varying cell depths, the remaining 
characteristics of the optical disk structures illustrated 
in Figures 1 and 2, are consistent with the prior art. For 
example, the cell sites are approximately 0.6 microns in 
size, and approximately 0.9 microns apart from cell centre 
to cell centre. The tracks are spaced approximately 1.6 
microns apart, and standard prior art systems are utilized 
for tracking of data. 

Figure 3 is graph showing interference patterns for the 
different cell types in accordance with the structure of 
Figures 1 and 2, with an estimated 20% inefficiency caused 
by diffraction effects and focussing errors for a surface 
having effective reflectivity of O.5. 

With reference to Figure 4, the effective cell 
reflectivity for each cell type in the two bit-per-cell 
embodiment of either of Figure 1 or Figure 2 is shown, 
including maximum ranges in reflectivity permissible for 
error free multiple bit decoding. Specifically, cell type 1 
is characterized by an effective reflectivity of 
approximately . SOO ± 0.0625, cell type 2 is characterized by 
an effeotive reflectivity of approximately 0.375 ± 0,0625, 
cell type 3 ia characterized by an effective reflectivity of 
approximately 0.250 ± 0.0625, and cell type 4 is 
characterized by an effective reflectivity of approximately 
0.125 ± 0*0625. 

According to an aspect of the present invention, a 
method is provided for encoding multiple bit data into a 
WORM disk via an incremental approach for growing bubbles to 
characterize cells of different depths. Although not shown, 
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the WORM write laser is preferably a laser diode light 
source with a 0 . 6 numerical aperture focussing lens. The 
write laser preferably generates light of suitable laser 
power dependent on the characteristics of the record medium, 
in accordance with well known prior art. 

Turning to the flow chart of Figure 5, the process for 
writing multi-bit data per cell to a WORM disk is 
represented. in step 1, the WORM 'disk is formatted using 
standard techniques. 

In step 2, software running on the computer to which 
the WORM drive is attached, maps digital data to the various 
cell types (1, 2, 3 and 4). 

In step 3, the write laser power is set at 1/3 of the 
power required in order to create a full bubble/pit on a 
standard 1 bit-per-cell WORM drive. The disk is caused to 
rotate one revolution and the write laser is pulsed at the 
appropriate times for exposing cell types 2, 3 and 4 with 
1/3 laser power. 

In step 4, the write head reads all of the cells 2, 3 
or 4 and identifies any cells with excessive threshold 
values * 

In step 5, the laser power is set at 1/8 of the power 
required to create a full bubble/pit, and all cells 
identified in step 4 as having excessive threshold value, 
are exposed to the 1/8 laser power light. 

In step 6, all type 3 and 4 cells are exposed to 1/3 
power laser light. These cells are then read in order to 
identify any of the type 3 or 4 cells having excessive 
threshold value. 

In step 8, a fourth write pass is undertaken in which 
all of the type 3 or 4 cells identified with excessive 
threshold value are re-exposed with laser power of 1/8. 

A similar procedure is undertaken in steps 9, 10 and 11 
for creation of the type 4 cells. 

As indicated at step 12, following step 11, the writing 
of data on the WORM drive is complete. 

Typical write powers for creating bubbles and pits are 
in the order of 9 milliwatts. Typical ranges for the 
frequency of the incident light are 700 nanometres to QOO 
nanometres. Thus, in accordance with the method discussed 
above, pits are created having depths on the order of O, 
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1/3 (X/4), 2/3 (X/4) and X/4. Alternatively, as shown in 
Figure 2, bubbles may be formed having similar levels of 
effective reflectivity . 

In the case of pits (Figure 1), the size of the pits 
can be carefully chosen so that the amount of light 
reflected to the photodetector in the read head from the 
inside of the pit matches as closely as possible the amount 
of light reflected back to the photodetector from outside of 
the pit. Specifically, d/b = 0.6, for X/4, where d is the 
cell size (ie. recorded pit diameter) and b ie the full 
width to half maximum of the laser beam diameter. Assuming 
optimal sizing of the pits, maximum interference occurs at 
X/4, causing no light to be returned to the photodetector, 
whereas a flat surface causes the superpositional 
constructive interference to result in maximal light being 
reflected to the photodetector. As discussed with reference 
to Figure 4, pits with sizes between O and X/4 return an 
amount of light power between the maximum and minimum 
values. 

Since the disk is passed over 9 times during the write 
cycle, the write cycle for encoding data according to the 
present invention is slower than normal for a WORM process. 
As discussed above, laser powers of 1/3 and 1/8 of the full 
pit development power are utilized since there are 6 passes 
where data is written to the disk, each pass further 
updating the cell structure. Thus, there are 9 passes in 
all to account for three read passes that verify data is 
read correctly. Since the 6 write passes and the three read 
passes allow for two write passes for each type of cell and 
one read pass for each type of cell, since there are four 
types of cell, one of which is flat, only three types of 
cells actually need to be recorded in the media. By 
allowing 6 write passes, a cell which is not properly formed 
(ie. not characterised by the correct level of effective 
reflectivity) after pass (3xn)-2, should be created after 
pass 3xn. The read passes occur on passes (3xn)-l. 

As discussed above, as an alternative to encoding 
multi-bit data in pits or holes of a WORM disc, it is 
contemplated that multi-bit data can be created in a CD-ROM 
using masking technology, similar to that used in the 
fabrication of CMOS VLSI circuits, or by using electron beam 
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nano- lithography, such as used in the fabrication of CaAs 
KESFET VLSI circuits. 

In the case of CMOS VLSI design, it is well known 
to create devices with minimum layer or aspect sizes which 
are accurate to O . OS microns (eg. the well Known thin oxide 
rule for polysilicon spacing). Likewise, the feature sizes 
for devices created by electron beam nano- lithography are 
approximately one tenth of the size of similar devices 
fabricated for CMOS VLSI, Since the implementation of the 
present invention requires dimensional accuracy on the ozrder 
of X/4 (eg. 0.6 microns), it is clear that the creation of 
pits of appropriate dimensions is attainable. 

Turning to Figure 6, a flow diagram is provided for 
illustrating the process of reading multi-bit per cell 
information from CD-ROM, WORM or other optical media, in 
accordance with the principles of the present invention. 
The read process described with reference to Figure 6 is 
valid for both bubble formed and pit formed optical media. 

In step 1, a low power read laser beam is incident on 
the surface of the spinning optical disk. As discussed 
above, the surface contains cells, each cell depth 
characteristic being used to represent multiple-bit data. 
The cells are tracked using standard optical techniques 
while the disk spins. The different vertical 

characteristics of the cells cause a modulation in the 
amount of light returned to the read head. 

In the preferred embodiment, there are two bits of data 
encoded in each cell. In general, the number of cell types 
on the optical disk is 2 N , where N is the number of bits 
contained in each cell. For the two bit per cell method, 
there are four types of cells possible (including the flat 
cell). Each cell type returns a specific amount of power to 
the photodetector in the read head, within a predefined 
range of tolerance. 

In step 2, the returned light is detected by a 
photodetector in the read head and is converted by 
thresholding into a two-bit code, instead of a one bit code 
as in the prior art. Such thresholding techniques are 
standard electronic practices in the art. More 
particularly, the detected signal is decompressed into a 
five volt signal (such that maximum signal strength is 
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represented by 5 volts and mini mum signal strength is 
represented by O volts) . Decoding is effected by means of 
determining the voltage range in which the signal resides 
(e.g. 0-1.25 volts, 1.26-2.5 volts, 2.51-3.75 volts, 
3.76-5.0 volts). Then, the appropriate two bit code is 
assigned to the detected signal. 

According to the preferred embodiment, the codas are 
Gray coded to a base of 5 volts (although any suitable base 
may be used (eg. 12 volts)), in order to enhance error 
correction, as shown below with reference to Table 1- 

TABLE 1 

Voltage Bit Code 

0.00-1.25 OO 
1.26-2.50 Ol 
2.51-3.75 11 
3.76-5.00 lO 

Turning to Figure 7, experimental results are shown 
Which indicate peak read-out contrast versus phase pit depth 
where d/b = 0.6 and s/b 1.5, where d denotes the recorded 
pit diameter, b denotes the beam diameter and s denotes the 
distance between cells. 

It has been found experimentally that defocueeing 
effects of the incident laser caused in a pit or bubble do 
not significantly affect the affective reflectivity unless 
the vertical displacement is in the order of twice the 
wavelength. In the case of the present invention, the 
variation caused by the pit or bubble height is always less 
than half the wavelength and therefore does not cause any 
signal contrast degradation. 

As discussed above, the principles of the present 
invention are not limited to a two-bit scenario. 
Specifically, 3, 4, 5, etc. bits-per-cell can be realized by 
further dividing the ranges of height for the pits/bubbles 
and assigning multiple bit values thereto. The maximum 
allowable bits-per-cell depends on the ability of current 
technology to support the various ranges of effective 
reflectivity within error margins. 

Although the preferred embodiment involves the writing 
of data on a WORM drive, to effect multiple bit encoding per 
cell, CD-ROM mastering provides a more accurate pit forming 
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method and these techniques can be used to generate multiple 
encoded cells for use in CD-ROM drives. 

Various alternatives and modifications are possible to 
the present invention. For example, as an alternative to 
the write process discussed with reference to Figure 5, the 
1/S power laser strikes can be replaced by 1 or 2 passes 
after the entire disk has been written, with 1 pass before 
each 1/8 power write pass. This would reduce the number of 
passes from 9 to 5 or 7* 

If the laser power is modulated during the writ© cycle 
with sufficient accuracy and speed, then cells can be 
created in one pass using 1/3 , 2/3 and 3/3 laser power which 
will be set according to the data intended at the striking 
Bite <i.e. cell). This can then be followed by the read and 
write cycles to ensure accuracy. According to this 
alternative, the possible number of passes may be reduced 
from 9 to 3 or 5. 

With reference to the process for reading pits as 
discussed in Figure 6, the pit depths were discussed as 
being 0 f l/3(X/4), 2/3(X/4) and X/4 for the preferred 
embodiment of two bits per cell. It is contemplated that 
depths of greater than X/4 may be utilised. For example, 
pit depths of O, X/4 + l/3(X/4>, X/4 + 2/3<X/4) and X/4 can 
he used. In this regard, reference may had to Figure 8. 
Moreover, the specific depths of the pits may not be limited 
to the Gray code values discussed in the preferred 
embodiment. The only condition for the assigning of codes 
to bit depths or heights, is that the read signal strength 
returned by a specific cell type must be recognizable by the 
reader after the thresholding operation. Therefore, any set 
of pit reflectivities is acceptable provided that the reader 
is able to identify them via their effective reflectivity 
after thresholding of the output. 

Furthermore, the application of the techniques of the 
present invention to WORM drives are not limited to the 
materials described in the preferred embodiment, but rather 
any materials can be used that are suitable for DRAW medium, 
or any materials that can be used in a one shot cell 
creation scenario. 

The technique is also applicable to dye-polymer and 
phase change media. For example, a dye-polymer disk may be 
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exposed "to varying durations of write and erase laser light 
for producing intermediary levels of effective ref lectivi"ty . 
Likewise, a phase change rewritable disk may be exposed to 
varying levels of thermal energy for producing intermediate 
states (ie. states between amorphous and crystalline) which 
are characterized by intermediate levels of effective 
reflectivity . 

Finally, the speed of data writing, the laser powers, 
laser types, etc., are all independent of the tachniqua 
advanced in the present application and can be substituted 
and used by a person skilled in the art as desired* 

All such modifications and variations are believed to 
be within the sphere and scope of the invention as defined 
by the claims appended hereto. 
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The embodiments of the invention in which an exclusive 
property or privilege is claimed are defined as follows; 

x . An optical storage device, comprising a di sic 

having a recording surface for reflecting laser light 
incident thereon, and a plurality of cells representing 
stored data, each of said cells being characterized by one 
of 2 N predetermined levels of effective reflectivity to said 
laser light, where N>1 and wherein N represents the nurtber 
of bits stored per cell. 

2 The optical Btorage device of claim 1, wherein a 

first one of said cells is characterized by a first level of 
effective reflectivity for reflecting a first predetermined 
amount of said laser light, a second one of said cells is 
characterized by a second level of effective reflectivity 
for reflecting a second predetermined amount of said laser 
light less than said first predetermined amount, a third one 
of said cells is characterized by a third level of effective 
reflectivity for reflecting a third predetermined amount of 
said laser light less than said second predetermined amount, 
and a fourth one of said cells is characterized by a fourth 
level of effective reflectivity for reflecting a fourth 
predetermined amount of said laser light less than said 
third predetermined amount. 

3 The optical storage device of claim 2, wherein 

said first one of said cells comprises a flat portion of 
said surface, and said second, third and fourth ones of said 
cells comprise a plurality of pits in said recording 
having respective depths of approximately 1/3 (X/4), 2/3 (X/4) 
and X/4, wherein X is the wavelength of said laser light. 

4 The optical storage device of claim 2, wherein 

said first one of said cells comprises a flat portion of 
said surface, and said second, third and fourth ones of said 
cells comprise a plurality of bubbles having respective 
curvatures and size characteristics for defining said 
predetermined levels of effective reflectivity. 
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5. The optical storage device of claim 3 or 4 r 
wherein "the first one of said cells represents the bits OO , 
the second one of said cells represents the bits Ol, the 
third one of said cells represents the bits 11 / and the 
fourth one of said cells represents the bits 10. 

6. The optical storage device of claim 3 or 4, 
wherein the first one of said cells represents no change in 
said bits, the second one of said cells represents 
complementing a least significant one of said bits, the 
third one of said cells represents complementing both said 
least significant one of said bits and a most significant 
one of said bits, and the fourth one of said cells 
represents complementing said most significant one of said 
bits. 

7. The optical storage device of claim 1, wherein for 
each of said cells d/b = 0,6 for X/4, where d is the 
diameter of each of said cells and b is the diameter of said 
laser light, 

8. A method of encoding data into a WORM disk 
utilizing a laser beam having a wavelength of X, comprising 
the steps of: 

a) formatting said disc: 

b) mapping two-bit data into four cell types 
designated ae cell type 1, cell type 2, cell type 3 and cell 
type 4, wherein cell type 1 is characterized by a first 
level of effective reflectivity for reflecting a first 
predetermined amount of said laser beam, cell type 2 is 
characterized by a second level of effective reflectivity 
for reflecting a second predetermined amount of said laser 
light less than said first predetermined amount, cell type 3 
is characterized by a third level of effective reflectivity 
for reflecting a third predetermined amount of said laser 
light less than eaid second predetermined amount, and cell 
type 4 is characterized by a fourth level of effective 
reflectivity for reflecting a fourth predetermined amount of 
said laser light less than said third predetermined amount; 
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c) setting said laser light at 1/3 of the power 
required to create a cell haying said fourth level of 
effective reflectivity; 

d) simultaneously rotating said disk a first 
revolution and pulsing said laser light at predetermined 
times for exposing cell type 2, cell type 3 and cell type 4 
with said laser light at 1/3 of the power required to create 
a cell having said fourth level of effective reflectivity; 

e) rotating said disk an additional revolution and 
reading cell type 2, cell type 3 and cell type 4 and 
identifying any ones of cell type 2, cell type 3 or cell 
type 4 having excessive threshold values; 

f ) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing predetermined ones of cell type 2, cell 
type 3 and cell type 4 identified in step e) as having 
excessive threshold values; 

g) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing cell type 3 and cell type 4 with said 
laser light at 1/3 of the power required to create a cell 
having said fourth level of effective reflectivity; 

h) rotating said disk an additional revolution and 
reading cell type 3 and cell type 4 and identifying any ones 
of said cell type 3 or cell bype 4 having excessive 
threshold values; 

i) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing predetermined ones of cell type 3 and 
cell type 4 identified in step h) as having excessive 
threshold values; 

j) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
times for exposing cell type 4 with said laser light at 1/3 
of the power required to create a cell having said fourth 
level of effective reflectivity; 

k) rotating said disk an additional revolution and 
reading cell type 4 and identifying any ones of said cell 
type 4 having excessive threshold values; and 

1) simultaneously rotating said disk an additional 
revolution and pulsing said laser light at predetermined 
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■tiroes for exposing predetermined ones of said cell type 4 
identified in step k) as having excessive threshold values. 

9. The method of claim 8, wherein said power required 
to create a cell having said fourth level of effective 
reflectivity is approximately 9 milliwatts. 

10. A method of reading multi-bit per cell information 
from an optical disk using a low power laser beam having a 
wavelength of \, wherein said information is encoded in said 
disk as four cell types designated as cell type 1, cell type 
2, cell type 3 and cell type 4, and wherein cell type 1 is 
characterized by a first level of effective reflectivity for 
reflecting a first predetermined amount of said laser beam, 
cell type 2 is characterized by a second level of effective 
reflectivity for reflecting a second predetermined amount of 
said laser beam less than said first predetermined amount, 
cell type 3 is characterized by a third level of effective 
reflectivity for reflecting a third predetermined amount of 
said laser beam lees than said second predetermined amount, 
and cell type 4 is characterized by a fourth level of 
effective reflectivity for reflecting a fourth predetermined 
amount of said laser beam less than said third predetermined 
amount, comprising the steps of: 

a) simultaneously rotating said disk and exposing 
said disk to said low power laser beam causing modulation in 
the amount of light returned from said disc; and 

b) detecting said light returned from said disk 
and converting said light returned by thresholding into any 
one of four two-bit codes representing respective ones of 
said cell types. 

11. The method of claim 10, further comprising the 
step of decompressing said light returned into a range of 
from a base voltage representing minimal strength of said 
returned light to a ceiling voltage representing maximum 
strength of said returned light. 

12. The method of claim 11, wherein said thresholding 
is effected by means of determining in which one of four 
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voltage ranges said signal resides, and in response 
assigning "the corresponding one of said four two-bit coded. 



13. The method of claim 12, wherein said four voltage 

ranges and corresponding two-bit codes are as follows: 

Voltage Bit Code 

0-00-1,25 00 

1.26-2.50 Ol 

2.51-3.75 11 

3.76-S.OO lO 



14. The method of claim 13, wherein said four voltage 

ranges and corresponding changes to said two-bit codes are 
as follows: 

Voltage B it Code 

O. 00-1. 25 no change 

1,26-2,50 complement LSB 

2,51-3.75 complement LSB and MSB 

3.76-5.00 complement MSB 



wherein LSB denotes a least significant bit of said two-bit 
code and MSB denotes a most significant bit of said two-bit 
code . 
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INTERFERENCE PATTERNS FO R DIFFERENT CELL TY PES 




PHASE C IN RADIANS) 

FIG.3. 
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PROCESS FLnw DIAGRAM FOR WRITINfi MULTI-BIT PER 
INFORMATION 



CELL 



FOR W 0 R M - 1 M PL EME NX ATI 0_N_D_l S K IS FORMATTED 
USING STANDARD TECHNIQUES. _ 



[ 



SOFTWARE MAPS DIGITAL DATA TO CELL TYPES 
Q.2.3,4). 



I 



FIRST WRITE PASS: EXPOSE ALL CELLS OF TYPE 
2.3.0R 4 WITH 1/3 POWER 



] 



FIRST READ PASS: READ ALL CELLS 2.3.0R 4 AND 
IDENTIFY CELLS WITH EXCESSIVE THRESHOLD VALUE. 



SECOND WRITE PASS: EXPOSE ALL OF THE 
IDENTIFIED CELLS WITH 1/6 POWER 



I 



THIRD WRITE PASS: EXPOSE ALL TYPE 3 AND 4 
CELLS WITH 1/3 POWER . _ 



SECOND READ PASS: READ ALL TY PE 3 OR 4 CELLS 
AMD IDENTIFY CELLS WITH EXCESSIVE THRESHOLD 

VAJU2L — ■ 



FOURTH WRITE PASS: EXPOSE ALL OF THE 
IDENTIFIED CELLS WITH l/B POWER 



I 



FIFTH WRITE PASS: EXPOSE ALL TYPE 
4 CELLS WITH 1/3 POWER 



tui ion bc in PASS' READ ALL TYPE 4 CELLS AND 
HtCMTiF^ CFL^S WITH EX CESSIVE THRESHOLD VALUE 



SIXTH WRITE PASS: EXPOSE ALL OF THE 
IDENTIFIED CELLS WITH */B POWER 



I 



WRITE COMPLETE. SINCE MULTIPLE BITS HAVE BEEN 
STORED INEACH CELL. THE DISK NOW HOLD MUCH 
MORE DATA. 
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STEP I 
STEP 2 

STEP 3 
STEP 4 
STEP 5 

STEP 6 

STEP 7 
STEP B 

STEP 9 

STEP 10 
STEP H 

STEP 12 
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EXPOSE DIFFERENT 
HEIGHT CELLS 4N OPTICAL 
DISC WITH INCIDENT 
LASER LIGHT 



STEP t 



^ 

DETECT REFLECTED LIGHT 
BY PHOTO DETECTOR AND 
CONVERT TO BIT CODE VIA 
THRESHOLDING 



STEP 2 



^ 

REPEAT STEPS I AND 2 
UNTIL ALL DATA HAS BEEN 
READ 



STEP 3 



FIG.6. 
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CONTRAST VS PIT DEPTH 
d/b = 0.6 s/b = 1.5 
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FIG.8. 



PATENT AGENT 
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